INTRODUCTION
============

The skeleton enables vertebrate animals that live on land to engage in physical activities such as locomotion. During physical activity or exercise, mechanical forces are loaded onto bones through gravity and by the contraction of skeletal muscles \[[@b1-enm-2020-35-2-456]--[@b3-enm-2020-35-2-456]\]. In particular, skeletal muscles are attached to bones, and thereby cause those bones to move when they contract. As a consequence, loss of muscle mass and strength reduces the mechanical forces that are exerted on bones, consequently contributing to bone loss \[[@b4-enm-2020-35-2-456],[@b5-enm-2020-35-2-456]\]. Studies in humans have revealed significant changes in bone turnover markers and loss of cancellous and cortical bone as a result of mechanical unloading, as occurs during prolonged bed rest or long-term space flight \[[@b6-enm-2020-35-2-456],[@b7-enm-2020-35-2-456]\]; and rodent studies have demonstrated that bone formation and muscle mass were decreased after tail suspension, whereas bone resorption was increased \[[@b8-enm-2020-35-2-456]--[@b10-enm-2020-35-2-456]\]. A representative clinical example of bone loss by mechanical unloading is disuse osteoporosis, which is observed in disabled patients after stroke or brain or spinal cord injury. In addition to pathological conditions, the physiological aging process is also associated with decreases in muscle mass and strength \[[@b11-enm-2020-35-2-456],[@b12-enm-2020-35-2-456]\] and consequent bone loss \[[@b13-enm-2020-35-2-456],[@b14-enm-2020-35-2-456]\]. However, the cellular mechanisms underlying bone loss induced by mechanical unloading have not been fully elucidated.

Bone lining cells (BLCs) are inactive osteoblasts lining the bone surface that can be recruited to form bone as a source of active osteoblasts. BLCs can be reactivated by anabolic agents. We previously showed that intermittent parathyroid hormone (PTH) or anti-sclerostin antibody treatment can convert quiescent periosteal lining cells into active osteoblasts, and our osteoblast lineage tracing studies revealed that intermittent exposure to PTH can also delay transformation of mature osteoblasts into BLCs \[[@b15-enm-2020-35-2-456]--[@b17-enm-2020-35-2-456]\]. Mechanical loading also might activate BLCs. Mechanical loading experiments with rats revealed that the lining cell surface area decreased after a single mechanical loading session \[[@b18-enm-2020-35-2-456]\]. Therefore, the idea that mechanical unloading also affects BLCs could be proposed; however, no direct data exist regarding this possibility.

Bone-muscle interactions are not simply a mechanical coupling in nature, but instead involve complex molecular and biochemical cross-talk since both bone and muscle are endocrine organs \[[@b19-enm-2020-35-2-456]--[@b21-enm-2020-35-2-456]\]. Moreover, both osteoblasts and myocytes differentiate from common progenitors (i.e., mesenchymal stem cells), and the incidence of osteoporosis and sarcopenia increase concomitantly with aging. Therefore, identifying pleiotropic genes that regulate both bone and muscle mass may reveal potential therapeutic targets for the treatment of these diseases \[[@b22-enm-2020-35-2-456],[@b23-enm-2020-35-2-456]\].

In the present study, we investigated the transformation of mature osteoblasts into BLCs in response to mechanical unloading on bone using an osteoblast lineage tracing study. Furthermore, we present a comprehensive database of genes regulated by mechanical unloading through RNA-sequencing (RNA-seq)-based transcriptome profiling.

METHODS
=======

Mice
----

To trace cells of the osteoblast lineage, we used a temporally-controlled transgene expression system \[[@b17-enm-2020-35-2-456]\]. *Dmp1*-cyclic recombinase (Cre)ERt2 mice were crossed with Rosa26R mice, in which *Escherichia coli* β-galactosidase expression is induced by Cre-mediated recombination using a universally expressed promoter \[[@b24-enm-2020-35-2-456]\]. Male and female mice were used for the studies. To assess changes in mRNA expression in response to mechanical unloading, wild-type (C57BL/6) male mice were used under the same experimental protocol. These studies were approved by the Institutional Animal Care and Use Committee of Seoul National University (approval number: SNU-160513-3).

Tamoxifen administration
------------------------

Cre-mediated recombination in *Dmp1*-CreERt2:Rosa26R mice was induced by 4-hydroxy-tamoxifen (4-OHTam, Takeda, Osaka, Japan) injection. The 4-OHTam (2.5 mg) was dissolved in 100 μL of dimethylformamide (Thermo Fisher Scientific, Waltham, MA, USA) and this stock solution was diluted to 2.5 mg/mL in corn oil (Sigma-Aldrich, St. Louis, MO, USA). The *Dmp1*-CreERt2:Rosa26R mice were intraperitoneally injected with 1 mg of 4-OHTam three times a week starting from postnatal week 7.

Mechanical unloading
--------------------

Hindlimb unloading was achieved by botulinum toxin injection and/or Achilles tenotomy. A 50-μL volume of toxin (2 U/100 g) was injected into the quadriceps, triceps surae, and calf muscles of the left hindlimb when the mice were at postnatal weeks 8 and 10. The same dose of normal saline was injected into the right hindlimb, which served as a non-unloaded control. Achilles tenotomy was performed on the left hindlimb at postnatal week 9. The animals were euthanized at postnatal weeks 8, 9, 10, and 12 (2 days, 1, 2, and 4 weeks, respectively, after the last 4-OHTam injection in *Dmp1*-CreERt2:Rosa26R mice) ([Fig. 1](#f1-enm-2020-35-2-456){ref-type="fig"}). Mice euthanized after postnatal week 8 (without intervention) served as controls for the longitudinal analysis.

*In vivo* measurement of bone mass
----------------------------------

Bone mineral density (BMD; g/cm^2^) and bone mineral content (BMC; g) of the whole body and hindlimb were measured *in vivo* by dual-energy X-ray absorptiometry (DXA) using a PIXImus scanner (GE Lunar, Madison, WI, USA) at postnatal weeks 8, 9, 10, and 12 before euthanasia. Mice were anesthetized with a 3:1 mixture of Zoletil (Virbac Laboratories, Carros, France) and Rompun (Bayer, Leverkusen, Germany) and placed prone on the platform of a PIXImus densitometer for BMD and BMC measurements.

*Ex vivo* measurement of bone microarchitecture by micro-computed tomography
----------------------------------------------------------------------------

Whole tibiae were harvested from the mice after euthanasia, fixed in formaldehyde solution for 48 hours, and then placed in 70% ethanol and stored at 4°C until imaging. The proximal tibia from each mouse was scanned using high-resolution micro-computed tomography (μCT; SkyScan 1173, Bruker microCT, Kontich, Belgium) at 90 kV and 88 μA with an isotropic voxel size of 7.1 μm using a 1.0-mm aluminum filter. For the metaphyseal tibia, a 1.5-mm section (starting 500 μm below the growth plate) was analyzed. Scanned images were reconstructed using NRecon v.1.6 software (Bruker microCT) by correcting for beam hardening and ring artifacts. Data were analyzed using a CT analyzer v.1.6 (Bruker microCT). For trabecular bone regions, bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) were assessed.

Histological analysis, 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside staining, and cell thickness measurement
----------------------------------------------------------------------------------------------------------------

Lineage tracing was achieved by 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-gal) staining for β-galactosidase activity and quantitative analysis of X-gal(+) cells \[[@b15-enm-2020-35-2-456],[@b16-enm-2020-35-2-456],[@b25-enm-2020-35-2-456]\]. Briefly, both femurs were dissected from each mouse and all soft tissue was removed. Each sample was rinsed twice with phosphate-buffered saline (PBS), fixed in 10% formalin for 30 minutes at 4°C, washed three times with PBS, and then stained overnight at 37.8°C in X-gal solution containing 1 mg/mL X-gal (Takeda), 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl~2~, 0.01% sodium deoxycholate, and 0.02% nonidet P-40. Samples were decalcified with buffered ethylenediaminetetraacetic acid (EDTA) for 2 weeks and then embedded and processed for paraffin sectioning. Sections were counterstained with eosin. X-gal(+) cells in eight to 16 microscopic fields at ×400 magnification from four to six comparable sections were counted. Periosteal X-gal(+) cells from each femur were analyzed with a Leica Application Suite camera (DM 2500, Leica Microsystems, Buffalo Grove, IL, USA) and associated software (LAS v.3.8).

Detection of serum levels of bone turnover markers
--------------------------------------------------

Blood was collected by cardiac puncture before mice were euthanized. Aliquots of serum were stored at −80°C until use. Serum levels of N-terminal propeptide of type I procollagen (P1NP) were measured by enzyme-linked immunosorbent assay (Immunodiagnostics Systems, Boldon, UK).

Statistical analysis for the lineage tracing study
--------------------------------------------------

All numerical data are presented as mean±standard error of the mean. We used the Student *t* test to compare the effects of unloading between or within groups. All statistical analyses were performed using SPSS for Windows version 21 (IBM Corp., Armonk, NY, USA). A *P*\<0.05 was considered to indicate statistical significance.

mRNA library preparation and sequencing
---------------------------------------

For transcriptome profiling, we extracted total RNA from femoral diphyseal bones of wild-type (C57BL/6) mice at postnatal weeks 8 (*n*=3), 10 (*n*=2), and 12 (*n*=3). The femur was dissected immediately after sacrifice and cleaned of adherent tissues. After removing the distal and proximal epiphyses, the bone marrow was flushed out with 1 mL of RNAlater solution (Ambion, Austin, TX, USA), and RNA was extracted from the femur by homogenization in 1 mL of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) using a tissue homogenizer. RNA then was extracted from the homogenate and purity and quantity were assessed with a spectrophotometer (Nanodrop 8000, Thermo Fisher Scientific). The quality of the total RNA was assessed with a Bioanalyzer (Model 2100, Agilent Technologies, Santa Clara, CA, USA). Each RNA sample with a RNA integrity number ≥7 was considered as being of sufficient quality for sequencing library preparation.

The libraries were prepared for 100-bp paired-end sequencing using a TruSeq RNA Library Preparation kit (Illumina, San Diego, CA, USA). Briefly, mRNA was purified and fragmented from 2 μg of total RNA using oligo (dT) magnetic beads. The fragmented mRNAs were synthesized as single-stranded cDNAs via random hexamer priming, which were then applied as a template for second-strand synthesis to prepare double-stranded cDNA. After sequential end repair, A-tailing, and adapter ligation, the cDNA libraries were amplified by polymerase chain reaction (PCR). Library quality was evaluated with the BioAnalyzer 2100 and quantification was performed with the KAPA library quantification kit (Kapa Biosystems, Wilmington, MA, USA) according to the manufacturer's protocol. Following cluster amplification of denatured templates, paired-end sequencing (2×100 bp) was performed on a HiSeq2500 instrument (Illumina).

Raw read processing
-------------------

Raw FASTQ files were trimmed using Trimmomatic with the following parameters: -threads 1 ILLUMINACLIP, LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36 \[[@b26-enm-2020-35-2-456]\]. These trimmed reads were then aligned to the University of California at Santa Cruz *Mus musculus* mm10 reference genome using STAR \[[@b27-enm-2020-35-2-456]\]. After alignment, featureCounts was used to count the reads \[[@b28-enm-2020-35-2-456]\], and the count estimates were normalized by upper-quartile normalization.

Selection of differentially expressed genes
-------------------------------------------

Paired RNA-seq data were generated for the unloaded and control limb of each mouse. Three pairs were sequenced for postnatal weeks 8, 10, and 12. However due to the poor quality of one mouse at week 10, a pair was removed. Log~2~ fold change (log~2~FC \[=log~2~(unloaded limb expression+1)/(control limb expression+ 1)\]) were calculated for all genes of each mouse. Differentially expressed gene (DEG) analysis was performed using eight log~2~ FC values obtained from each gene. For convenience, the log~2~ FC of each gene of mouse *i* in week *j* was denoted as LFC*i*,*j*.

Due to the presence of a different number of mice, genes with *min~i~*~∈{1,2}~(\|LFC*~i~*~,~*~10~*\|)\>1.5 and genes with *min~i~*~∈{1,2,3}~(\|LFC*~i~*~,~*~12~*\|)\>1.2 and *average~i~*~∈{1,2,3}~(\|LFC*~i~*~,~*~12~*\|)\>1.5 were identified as DEGs for week 10 and 12, respectively. In the DEG lists for weeks 10 and 12, DEGs at week 8 determined by the same criteria as week 12 were removed, because it was difficult to consider them to have been influenced by mechanical unloading. As week 10 included only two mice, and the other weeks were independent, DEGs were determined by utilizing the FC values without any other statistical selection methods, such as the (paired) *t* test or DESeq.

Gene set analysis and network analysis
--------------------------------------

The DEGs were subjected to enrichment analyses of gene ontology (GO) terms and Kegg pathways using Database for Annotation, Visualization and Integrated Discovery (DAVID) \[[@b29-enm-2020-35-2-456]\]. Significantly enriched gene sets were identified based on the Benjamini-Hochberg adjusted *P* value (*q*\<0.05) of the Fisher exact test.

The protein-protein interaction (PPI) network of DEGs was imported from Cytoscape stringApp v1.5.0 (<https://cytoscape.org/>) \[[@b30-enm-2020-35-2-456]\]. The EAGLE algorithm included in ClusterViz v1.0.3 \[[@b31-enm-2020-35-2-456]\] was applied to identify functional modules. The subnetwork with the highest modularity value was expanded by adding its first neighbors, using CluePedia v1.5.5 \[[@b32-enm-2020-35-2-456]\]. Those genes in the expanded subnetwork were used for gene set analysis in ClueGO v2.5.5 \[[@b33-enm-2020-35-2-456]\].

Quantitative real-time PCR
--------------------------

Differential mRNA expression of some genes identified by RNA-seq was confirmed in MC3T3-E1, C2C12, and Ocy454 cell lines by quantitative real-time (qRT)-PCR on a LightCycler 96 system (Roche Diagnostics, Manheim, Germany). Data were normalized to the levels of glyceraldehyde 3-phosphate dehydrogenase and β-actin. Relative expression levels were calculated with the 2^(−ΔΔCT)^ method. The PCR primer sequences are shown in [Supplemental Table S1](#s2-enm-2020-35-2-456){ref-type="supplementary-material"}.

RESULTS
=======

Hindlimb unloading induced bone loss *in vivo* and *ex vivo*
------------------------------------------------------------

We analyzed the bone phenotype of mice with hindlimb unloading and controls by measuring body weight-adjusted total body BMD and hindlimb BMC by DXA at different time points and found that the total body BMD of mice euthanized at 4 weeks after unloading was lower than that of controls (postnatal week 8) ([Fig. 2A](#f2-enm-2020-35-2-456){ref-type="fig"}). Furthermore, hindlimb BMC was significantly reduced in the left hindlimbs compared with the right hindlimbs (non-unloaded control) in mice euthanized at postnatal weeks 9, 10, and 12 ([Fig. 2B](#f2-enm-2020-35-2-456){ref-type="fig"}). To investigate the changes in bone microarchitecture induced by hindlimb unloading, we performed μCT analysis of trabecular bone regions in the proximal tibia. Representative three-dimensional μCT images from mice euthanized at postnatal week 12 (4 weeks after unloading) are shown in [Fig. 2C](#f2-enm-2020-35-2-456){ref-type="fig"}. There were significant changes in the trabecular microarchitecture, in addition to bone mass. At 1 week after unloading, there were significant decreases in the proximal tibial BV/TV, Tb.Th, and Tb.N in the left hindlimbs (*P*=0.001, *P*=0.014, and *P*\<0.001, respectively) compared with the right hindlimbs ([Fig. 2D--G](#f2-enm-2020-35-2-456){ref-type="fig"}). Similar trends were observed at 2 and 4 weeks after unloading. At the latter time point, Tb.Sp was increased in the left hindlimbs compared with the right hindlimbs (*P*= 0.007), which was not the case at 1 and 2 weeks after unloading.

Unloading induced early decreases in the number and thickness of X-gal(+) cells on the periosteal surface of the femur
----------------------------------------------------------------------------------------------------------------------

The 10-kb *Dmp1*-CreERt2 transgene is active in osteocytes and in a subset of osteoblasts on the surface of calvariae and long bones \[[@b15-enm-2020-35-2-456],[@b16-enm-2020-35-2-456],[@b34-enm-2020-35-2-456]\]. In this system, 4-OHTam administration induced CreERt2-mediated gene recombination. Since 4-OHTam activity is detected for only 24 hours post-injection \[[@b35-enm-2020-35-2-456]\], this inducible system allows genetic labeling of CreERt2-expressing cells at a specific time.

To evaluate the effect of mechanical unloading on the transformation of mature osteoblasts into quiescent BLCs, mice were euthanized at postnatal weeks 8 (before hindlimb unloading), 9, 10, and 12 ([Fig. 1](#f1-enm-2020-35-2-456){ref-type="fig"}). In the mice of postnatal week 8, euthanasia was performed 2 days after the last 4-OHTam injection. Many labeled osteoblasts and osteocytes were observed in the femur by X-gal staining (postnatal week 8) ([Fig. 3A](#f3-enm-2020-35-2-456){ref-type="fig"}). At 4 weeks after the last 4-OHTam injection, cells were visible on the periosteal surface of the femur, but were fewer in number (postnatal week 12) ([Fig. 3A](#f3-enm-2020-35-2-456){ref-type="fig"}). The number and thickness of LacZ+ osteoblastic descendants on the periosteal surface of the femur were quantified 2 days (postnatal week 8), 1 week (week 9), 2 weeks (week 10), and 4 weeks (week 12) after the last 4-OHTam injection and compared between the left and right hindlimbs (non-unloaded control). At 1 week after unloading, there were no significant differences in the number (right: 15.5±2.2/mm; left: 9.6±1.4/mm; *P*=0.790) or thickness (right: 2.7±0.2 μm; left: 2.4±0.3 μm; *P*=0.273) of X-gal(+) cells between the left and right hindlimbs (postnatal week 9) ([Fig. 3](#f3-enm-2020-35-2-456){ref-type="fig"}). However, at 2 weeks after unloading, a significant decrease in the number (right: 10.9±0.8/mm; left: 7.3±2.4/mm; *P*=0.038) and a subtle change in the thickness of X-gal(+) cells (right: 3.5±0.2 μm; left: 2.9±0.2 μm; *P*=0.071) were observed in the left hindlimb relative to the right hindlimb (postnatal week 10) ([Fig. 3](#f3-enm-2020-35-2-456){ref-type="fig"}). At 4 weeks after unloading, the decrease in thickness was greater on the left side than on the right side (right: 2.7±0.2 μm; left: 2.0±0.3 μm; *P*=0.030), although there were comparable numbers of cells on both sides (right: 9.3±1.9/mm; left: 8.1±1.1/mm; *P*= 0.760) (postnatal week 12) ([Fig. 3](#f3-enm-2020-35-2-456){ref-type="fig"}).

Unilateral hindlimb unloading decreased serum P1NP levels
---------------------------------------------------------

To investigate whether unilateral hindlimb unloading induced changes in bone turnover, we measured the serum levels of P1NP in mice at each time point ([Fig. 4](#f4-enm-2020-35-2-456){ref-type="fig"}). Serum P1NP levels decreased in mice euthanized at postnatal weeks 9 and 12, but increased in mice euthanized at postnatal week 10 compared with those euthanized at postnatal week 8 (postnatal week 8: 8.11±0.34 ng/mL; week 9: 2.94±0.35 ng/mL; week 10: 10.37± 0.88 ng/mL; week 12: 3.78±0.42 ng/mL; week 8 vs. 9, *P*\<0.001; week 8 vs. 10, *P*=0.067; week 8 vs. 12, *P*\<0.001; week 9 vs. 10, *P*\<0.001; week 9 vs. 12, *P*=0.177; week 10 vs. 12, *P*\<0.001).

DEG analysis
------------

An analysis of the datasets from postnatal weeks 10 and 12 revealed 3211 DEGs ([Fig. 5](#f5-enm-2020-35-2-456){ref-type="fig"}, [Supplemental Table S2](#s3-enm-2020-35-2-456){ref-type="supplementary-material"}). At postnatal week 10, 99 genes were upregulated, while 1,364 were downregulated, and at postnatal week 12, 1,001 were upregulated and 1,091 were downregulated ([Fig. 5A, B](#f5-enm-2020-35-2-456){ref-type="fig"}). We integrated the two datasets and divided the DEGs into up-up, up-down, down-down, and down-up (to illustrate, if gene A was always upregulated in both datasets, it was classified as "up-up"; if gene B was upregulated at postnatal week 10 and downregulated at postnatal week 12, it was classified as "up-down"). As shown in the Venn diagram in [Fig. 5C](#f5-enm-2020-35-2-456){ref-type="fig"}, there were five up-up, seven up-down, 17 down-up, and 315 down-down genes ([Supplemental Tables S3](#s4-enm-2020-35-2-456){ref-type="supplementary-material"}--[6](#s7-enm-2020-35-2-456){ref-type="supplementary-material"}).

Gene set analysis of DEGs using DAVID and PPI network analysis
--------------------------------------------------------------

We performed a gene set analysis of the 315 down-down genes using DAVID ([Fig. 6](#f6-enm-2020-35-2-456){ref-type="fig"}). When we separately analyzed the gene sets in terms of biological process, cellular component, molecular function, and Kegg pathway, several genes---including those involved in muscle contraction, calcium signaling, and glucose metabolism---were found to be significantly affected by mechanical unloading ([Supplemental Table S7](#s8-enm-2020-35-2-456){ref-type="supplementary-material"}).

We constructed a final PPI network with 216 nodes and 552 edges (average node degree, 5.111; average local clustering coefficient, 0.223). A total of seven subnetworks were discovered through the EAGLE algorithm, and subnetwork 1 showed the highest modularity (modularity, 6.795). Subnetwork 1 had 56 nodes and 299 edges, with four major down-down DEGs including *AMPD1* (adenosine monophosphate deaminase 1), *Bche* (butyrylcholinesterase), *NEXN* (nexilin, F-actin binding protein), and *Xirp2* (encoding Xin-actin binding repeat containing 2) ([Fig. 7](#f7-enm-2020-35-2-456){ref-type="fig"}). CluePedia-based network expansion of 56 genes in subnetwork 1 found additional 47 neighboring genes, and a total of 103 genes were used for the gene set analysis. The gene set analysis identified potential interactions among the DEGs, such as glucose metabolism and calcium signaling, which were similar to the results of the DAVID analysis ([Supplemental Table S8](#s9-enm-2020-35-2-456){ref-type="supplementary-material"}).

mRNA expression levels of down-down genes were upregulated during osteoblastogenic/osteocytic and myogenic differentiation
--------------------------------------------------------------------------------------------------------------------------

Of the 315 down-down genes, we selected nine that had high fold change values and were considered to have biological functions related to bone and muscle (i.e., *Xirp2*, *AMPD1*, *Mettl11b* \[methyl transferase-like protein 11b\], *NEXN*, *CYP2E1*, *Bche*, *Ppp1r3c* \[protein phosphatase 1 regulatory subunit 3c\], *Tceal7* \[transcription elongation factor A like 7\], and *Gadl1* \[glutamate decarboxylase-like protein 1\]). To verify the RNA-seq results, we confirmed the mRNA expression levels of these genes by qRT-PCR in MC3T3-E1 and C2C12 cells. *Xirp2*, *AMPD1*, *Mettl11b*, *NEXN*, *CYP2E1*, *Bche*, *Ppp1r3c*, *Tceal7*, and *Gadl1* mRNA expression was upregulated during both osteoblastogenic and myogenic differentiation ([Fig. 8A, B](#f8-enm-2020-35-2-456){ref-type="fig"}). Since osteocytes comprise the majority of cells extracted from femur specimens, we further confirmed mRNA expression levels of these genes during osteocytic differentiation using Ocy454 osteocytic cells that expressed SOST \[[@b36-enm-2020-35-2-456]\]. We observed significant increases in the levels of *Xirp2*, *AMPD1*, *Mettl11b*, *Ppp1r3c*, *Tceal7*, and *Gadl1* during osteocytic differentiation ([Fig. 8C](#f8-enm-2020-35-2-456){ref-type="fig"}).

DISCUSSION
==========

The present findings provide direct evidence for the effect of unloading on the fate of mature osteoblasts differentiating into BLCs. Unloading accelerated this process in a direction opposite to that of intermittent PTH or anti-sclerostin antibody treatment. Furthermore, the RNA-seq data revealed that mechanical unloading led to significant changes in the transcriptome profiles following periods of unloading compared with the non-unloaded control. We detected 315 differentially expressed protein-coding genes that were continuously downregulated during unloading. Notably, the mRNA expression of *Xirp2*, *AMPD1*, *Mettl11b*, *NEXN*, *CYP2E1*, *Bche*, *Ppp1r3c*, *Tceal7*, and *Gadl1* increased in both differentiated osteoblast/osteocytic and myoblast cell lines.

We used two independent approaches---lineage tracing and RNA-seq-based transcriptome profiling---to investigate the cellular and molecular mechanisms by which mechanical unloading induces bone loss. We achieved unilateral hindlimb unloading in mice using a combination of a botulinum toxin injection and Achilles tenotomy to induce bone loss *in vivo*. Mature osteoblasts can either remain on the bone surface as quiescent BLCs or be embedded in the bone matrix as osteocytes. Previous lineage-tracing studies showed that the majority of LacZ+ cells (i.e., mature active osteoblasts) were plump and cuboidal at 2 days after the last 4-OHTam injection on the periosteal surface \[[@b15-enm-2020-35-2-456]--[@b17-enm-2020-35-2-456]\]. However, they became flat and consequently hardly visible on the bone surface over time because they were transformed into quiescent BLCs. Using a transgenic lineage-tracing model, we observed a significant decrease in the number of labeled cells on the bone surface at 2 weeks, and a decrease in their thickness at 4 weeks after hindlimb unloading compared with the non-unloaded control. These results imply that mechanical unloading accelerates the transformation of active osteoblasts into quiescent BLCs *in vivo*. We also observed significant decreases in serum P1NP levels following unloading, indicating that bone formation was reduced. This provides the first evidence that mechanical unloading also affects BLCs---specifically, in the opposite manner to mechanical loading. It is difficult to explain the increased P1NP level at week 10. In addition to the botulinum toxin injections at week 8 and 10, we performed Achilles tenotomy on the left hindlimbs to induce unloading at week 9. This procedure may have led to greater bone loss than occurred in response to the botulinum toxin injections, and thereby may have stimulated a compensatory mechanism in the contralateral limbs to activate osteoblasts related to the increased P1NP level. In our study, we did not evaluate unloading-induced changes in the number of osteocytes (either LacZ+ osteocytes or total osteocytes), proliferation, or apoptosis of osteoblast lineage cells. In previous studies, intermittent PTH or anti-sclerostin antibody treatment did not affect the number of labeled osteocytes in long bones \[[@b15-enm-2020-35-2-456],[@b17-enm-2020-35-2-456]\].

To clarify the molecular mechanisms underlying unloading-induced bone loss, we analyzed the transcriptome profile obtained using the same unloading protocol as that in the lineage-tracing study. Since bone is a tissue with a low cell/matrix ratio, contamination by tissues with a high cell/matrix ratio (e.g., muscle or bone marrow) can lead to variations in gene expression patterns, the extent of such contamination depends on the individual mouse. To minimize contamination effects, we determined the time sequence of DEGs in paired bones from the same mouse, in which the left hindlimb was subjected to unloading while the right hindlimb served as a control. When we performed principal component analysis ([Supplemental Fig. S1](#s1-enm-2020-35-2-456){ref-type="supplementary-material"}) of femur gene expression patterns, there was a high correlation between the unloaded and control femurs at each time point, indicating low heterogeneity in our samples. Since we ultimately analyzed relative changes in DEGs between unloaded and control limbs over time, and not absolute gene expression levels at each time point, the results of our RNA-seq analysis are reliable.

In the present study, genes that were differentially expressed between unloaded limbs and control limbs were analyzed at 2 and 4 weeks after unloading. Changes in gene expression patterns occur before changes in bone phenotypes; therefore, our experiments could not capture early responses after unloading, and a combination of a delayed response and the induction of compensatory mechanisms may have influenced our data. Moreover, hindlimb unloading was achieved not by a single procedure, but by repeating a procedure at 1-week intervals, which could complicate the interpretation of our findings. Given these limitations, we focused on gene sets that showed similar expression patterns (e.g., up-up or down-down) at 2 and 4 weeks after unloading. Indeed, most genes exhibited the down-down pattern during unloading.

To identify pleiotropic genes that potentially have biological functions in both bone and muscle, we reviewed the gene expression atlases of the Mouse Genome Database ([www.informatics.jax.org](www.informatics.jax.org)) and the European Bioinformatics Institute ([www.ebi.ac.uk](www.ebi.ac.uk)). Among genes that are highly expressed in bone and muscle, we excluded some that are abundantly expressed in other tissues. We also reviewed previously published RNA-seq data by Ayturk et al. \[[@b37-enm-2020-35-2-456]\] from the tibia, muscle, and bone marrow of 10-week-old mice; although they did not perfectly match our own data, they were a useful reference for narrowing down the number of candidate genes that we searched.

We ultimately selected the following nine genes for *in vitro* validation by qRT-PCR and confirmed that they were upregulated during osteoblastogenic/osteocytic and myogenic differentiation: *Xirp2*, *AMPD1*, *Mettl11b* (methyl transferase-like protein 11b), *NEXN*, *CYP2E1*, *Bche*, *Ppp1r3c*, *Tceal7*, and *Gadl1*. *Xirp2* is expressed in cardiac and skeletal muscle, and a hypomorphic *Xirp2* allele is associated with cardiac hypertrophy \[[@b38-enm-2020-35-2-456]\]. A mutation in *NEXN* has been linked to hypertrophic cardiomyopathy \[[@b39-enm-2020-35-2-456]\]. *CYP2E1* induces oxidative stress, resulting in impaired insulin action \[[@b40-enm-2020-35-2-456]\]. Similarly, *Ppp1r3c* modulates glycogen metabolism, especially glycogen synthesis \[[@b41-enm-2020-35-2-456]\]. *AMPD1* participates in the regulation of glucose metabolism by modulating AMP-activated protein kinase activation in muscle, and *AMPD1* deficiency contributes to the improvement of insulin resistance \[[@b42-enm-2020-35-2-456]\]. *Tceal7* encodes an ovarian tumor suppressor that represses myoblast proliferation and enhances the differentiation of myoblasts into myotubes \[[@b43-enm-2020-35-2-456]\]. *Bche*, which can cleave acetylcholine, was detected in MC3T3-E1 cells and may modulate cell-matrix interactions in bone by inducing the degradation of acetylcholine in early stages of osteoblast differentiation \[[@b44-enm-2020-35-2-456]\]. The physiological functions of *Gadl1* and *Mettl11b* have not yet been determined.

It remains unclear how mechanical unloading affects the gene expression patterns of active mature osteoblasts, resulting in rapid differentiation of these cells into quiescent BLCs. The best way to compare transcriptome profiling between BLCs and active mature osteoblasts is to perform single cell sequencing. However, at present, it is technically very difficult to isolate BLCs and active osteoblasts *in vivo*. Therefore, we cannot be certain that the gene sets affected by unloading are similar to those in mature osteoblasts and osteocytes. Further studies are needed to address this issue.

In conclusion, our results suggest possible cellular mechanisms by which mechanical unloading induces bone loss and provide gene sets for dissecting the regulatory networks that govern this process. The identified genes might exert pleiotropic effects on bone and muscle.
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![Experimental design. For a lineage tracing study, *Dmp1*-CreERt2:Rosa26R mice were injected with 1 mg of 4-hydroxy-tamoxifen (4-OHTam) three times on postnatal week 7. To determine the fate of mature osteoblasts *in vivo*, animals were euthanized at postnatal weeks 8, 9, 10, and 12 (2 days, 1, 2, and 4 weeks after the last 4-OHTam treatment). Mechanical unloading was achieved by botulinum toxin and/or achilles tenotomy in the left hindlimb. The right hindlimb served as the control. RNA sequencing-based transcriptome profiling was performed with wild-type (C57BL/6) mice using the same experimental protocol.](enm-2020-35-2-456f1){#f1-enm-2020-35-2-456}

![(A, B) Changes in bone mass and microarchitecture during mechanical unloading. *In vivo* measurements of bone mass using dual-energy X-ray absorptiometry. (A) Body weight-adjusted total body bone mineral density (BMD) and (B) hindlimb bone mineral content (BMC). (C-G) *Ex vivo* measurements of microarchitecture using micro-computed tomography (μCT). (C) The data are representative three-dimensional μCT images of the trabecular bone regions of proximal tibiae from mice euthanized on postnatal week 12 (4 weeks after unloading, left: control hindlimb; right: unloading hindlimb). (D) Bone volume/total volume (BV/TV) (%), (E) trabecular thickness (Tb.Th), (F) trabecular number (Tb.N), (G) trabecular separation (Tb.Sp). Data are expressed as mean±SEM (*n*=8 to 10 per group). ^a^*P*\<0.05.](enm-2020-35-2-456f2){#f2-enm-2020-35-2-456}

![Effects of mechanical unloading on the transformation of mature osteoblasts into bone lining cells on the periosteal surface of the femur. 5-Bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-gal) staining was performed in both hindlimbs on 2 days (postnatal 8 weeks), 1 week (9 weeks), 2 weeks (10 weeks), or 4 weeks (12 weeks) after the last 4-hydroxy-tamoxifen injection, respectively. Unloading was performed on the left hindlimbs, while the right hindlimbs served as controls. (A) Data are representative of the experimental analyses performed on sections. Quantitative analysis of the number (B) and thickness (C) of X-gal(+) cells on the periosteum. Data are expressed as mean±SEM (*n*=4 to 6 per group). ^a^*P*\<0.05 between controls; ^b^*P*\<0.05 between unloaded hindlimbs; ^c^*P*\<0.05 between unloaded hindlimbs and controls at each time point.](enm-2020-35-2-456f3){#f3-enm-2020-35-2-456}

![Effects of mechanical unloading on serum levels of N-terminal propeptide of type I procollagen (P1NP). Data are expressed as mean±SEM (*n*=15 per group). ^a^*P*\<0.05.](enm-2020-35-2-456f4){#f4-enm-2020-35-2-456}

![Scatter plot of log~2~ fold change (FC) and Venn diagram for differentially expressed gene (DEG) analysis. RNA sequencing-based analysis of differentially expressed mRNA after mechanical unloading at postnatal weeks 10 and 12 mice. DEGs were defined using the following criteria: \|log~2~(FC)\|\>log~2~(1.2) and \|avg(log~2~(FC))\|\>log~2~(1.5) at postnatal weeks 8 and 12; and each log~2~(FC)\>log~2~(1.5) at postnatal week 10. Scatter plot of DEG analysis at postnatal weeks 10 (A) and 12 (B). Red dots: upregulated (Up) DEGs, blue dots: downregulated (Dn) DEGs, and gray dots: non-DEGs. (C) Venn diagram for DEG analysis. Each number indicates the number of upregulated and downregulated genes at postnatal weeks 10 and 12 (*n*=3/group in postnatal weeks 8 and 12; *n*=2/group in postnatal week 10).](enm-2020-35-2-456f5){#f5-enm-2020-35-2-456}

![Gene set analysis for 315 genes downregulated at both postnatal weeks 10 and 12 using the Database for Annotation, Visualization and Integrated Discovery (DAVID) web-based tool. *P* values were calculated using the Fisher exact test. Significantly enriched gene sets were determined by a Benjamini-Hochberg adjusted *P* value (*q* value) below 0.05.](enm-2020-35-2-456f6){#f6-enm-2020-35-2-456}

![Protein-protein interaction network analysis of differentially expressed genes (DEGs) in subnetwork 1. The STRING database was used to analyze the protein-protein interaction network based on the proteins corresponding to selected DEGs.](enm-2020-35-2-456f7){#f7-enm-2020-35-2-456}

![mRNA expression levels of nine genes downregulated at both postnatal weeks 10 and 12 on (A) osteoblastogenic, (B) myogenic, and (C) osteocytic differentiation using quantitative real-time polymerase chain reaction. ^a^*P*\<0.05 between un-differentiated and differentiated cell lines.](enm-2020-35-2-456f8){#f8-enm-2020-35-2-456}
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